Aims/hypothesis This study examined the relationship between symptoms of depression and the development of diabetic foot ulcers. Methods Participants were 333 patients (71% male; mean age 62 years; 73% with type 2 diabetes) with diabetic peripheral neuropathy (DPN), but without peripheral vascular disease (PVD). Severity of DPN and the presence of PVD were assessed by clinical examination. Depression, other diabetes complications and foot self-care were assessed by self-report. Cox regression tested whether depression was an independent predictor of foot ulceration over 18 months, whether this relationship was moderated by foot ulcer history, and whether foot self-care mediated this relationship. Results During follow-up, 63 patients developed a foot ulcer. Those with prior foot ulcers had more than four-fold greater risk of subsequent foot ulceration compared with those without a history of foot ulcer. A significant interaction effect showed that depression was significantly related to the development of first but not recurrent foot ulcers. This relationship was independent of biological risk factors. In the final model, each standard deviation increase in depression symptoms was significantly associated with increased risk of developing first foot ulcers (HR 1.68, 95% CI 1.20-2.35), while foot self-care was associated with lower risk (HR 0.61, 95% CI 0.40-0.94). Foot self-care did not mediate the relationship between depression and foot ulceration. Conclusions/interpretation These data suggest that depression is associated with increased risk of first foot ulcers in DPN patients and that this relationship is independent of biological risk factors and foot self-care. Interventions that target depression and foot self-care before the development of foot ulcers may maximise the likelihood of successful prevention of foot ulceration.
Introduction
Diabetic foot complications are common throughout the world and cause an extensive burden on individuals, the healthcare system and society [1] . Persons with diabetes have a 12-25% lifetime risk of developing a foot ulcer [2, 3] , and those with established diabetic peripheral neuropathy (DPN), a key risk factor for foot ulceration, have an annual first ulcer incidence of 5-7% [3] . Recurrence rates among those with successfully treated foot ulcers may be as high as 60% [4] . Foot ulcers are the most important risk factor for lower-extremity amputations [5, 6] and are associated with substantial treatment costs [7] . Moreover, foot ulceration impacts negatively on quality of life [8] and, perhaps most strikingly, diabetes patients with a history of foot ulceration have a twofold increased risk for mortality as compared with those without foot ulcers [9] [10] [11] [12] .
Previous studies have almost invariably focused on biological foot ulcer risks, with little consideration of potentially important psychological factors such as depression. For example, while a meta-analysis of 12 studies suggests that depressive symptoms are significantly associated with DPN [13] , these studies did not evaluate foot ulceration as an outcome, despite the fact that depression is consistently and negatively associated with diabetes selfcare [14] , including foot self-care [15] , which is believed to play a crucial role in foot ulcer prevention [16, 17] .
Our previous work using standardised diagnostic criteria for neuropathy [18] demonstrated a significant association between DPN severity and increased depressive symptoms, but failed to demonstrate a relationship between past foot ulceration and either concurrent [19] or subsequent depression [20] . Consistent with our findings, recent data from a large population-based study of diabetes patients with past foot ulceration also found that these patients reported more symptoms of depression than patients without diabetes, but their level of depression symptoms did not differ from diabetes patients who had not had a foot ulcer [12] .
Whether depression is a risk factor for subsequent foot ulceration has received little empirical investigation. One group reported that symptoms of depression were associated with foot ulcer recurrence in a small sample of elderly patients with type 2 diabetes [21] . However, it is unclear from the report whether analyses adequately controlled for potential confounding between neuropathy severity and depression; others using a larger population-based sample have failed to find this relationship [22] . As neuropathy, a well-established risk factor for foot ulceration [3] , is also a risk factor for elevated depressive symptoms [19, 20] , this may be a major limitation of previous research.
The primary aim of the current study was, therefore, to prospectively investigate the independent role of depression in the development of foot ulceration, after controlling for biological foot ulcer risks. Given that incident foot ulceration risk is reported to be 2.5 times to more than five times greater among those with a history of foot ulceration as compared with those without [23] [24] [25] , we examined whether past foot ulceration moderated the association between depression and incident foot ulceration. Additionally, we examined foot self-care behaviour as a potential mediator of the relationship between depression and foot ulceration. We hypothesised that depression would be an independent risk factor for incident foot ulceration and that this association would be mediated by poorer foot self-care.
Methods

Participants
Data for these analyses were obtained from a sample of individuals at high risk for foot ulceration participating in a 2 year longitudinal UK and USA collaborative study on the psychological determinants of adherence to foot self-care and foot ulceration. The details of this sample have been reported previously [19, 20] . The sample was drawn from 522 patients with established peripheral neuropathy and either type 1 (onset prior to 40 years of age and prescription of insulin within 2 years of diagnosis) or type 2 diabetes (all other types of diabetes) attending three diabetes treatment centres (Manchester, UK; Baltimore, MD, USA; and State College, PA, USA) between 2001 and 2003. Of these patients, 495 agreed to participate, giving a 5% refusal rate. The Central Manchester Research Ethical Review Committee and the Institutional Review Boards at the Johns Hopkins University and the Pennsylvania State University approved this study and all participants provided informed consent.
In accordance with the international diagnostic guidelines for neuropathy [18] , two semi-quantitative tests were used to diagnose neurological dysfunction: the neuropathy disability score (NDS) and the vibration perception threshold (VPT, as described in the 'Measures' section). Each of these measures has been found to predict foot ulceration [3, 25] . Participants were diagnosed as having neuropathy if they had an NDS ≥3 and a mean VPT of ≥25 volts; thus, patients with mild neuropathic deficits were excluded from the study. For the current analysis, patients were also excluded if they had: peripheral vascular disease (based on clinical examination and defined as no palpable foot pulse in either foot-at least one pulse per foot had to be palpated for inclusion); a history of major amputation (any lower limb amputation proximal to the mid-foot); evidence of Charcot deformity; or other severe chronic medical diseases or complications of diabetes precluding participation (such as dialysis-treated end-stage renal disease, stroke or widespread malignant disease). Patients were also excluded if they were unable to understand English sufficiently well to complete the psychological assessment or had insufficient (corrected) vision to complete the questionnaires without assistance. Of the original baseline sample, 333 participants were followed for the development of a foot ulcer and re-evaluated at approximately 9 and 18 months after the baseline assessment. Patients were included in the current analysis if they provided data for at least one re-evaluation.
Measures
Depressive symptoms The Hospital Anxiety and Depression Scale (HADS) [26] was designed to avoid the confounding of somatic symptoms of concurrent physical disorders such as sleep problems and/or pain, with the assessment of anxious and depressive symptoms in medically ill persons. The HADS measures the absence of both positive affect and pleasure from everyday tasks with seven items. Items are coded so that higher scores indicate greater severity of depression; examples of statements on the scale are: 'I still enjoy the things I used to enjoy' or 'I can laugh and see the funny side of things.' A review of the literature suggests that a score of 8 on the HADS is the optimal cutoff for identifying clinical cases of depression [27] .
Clinical tests of neuropathy severity The NDS, a composite measure of both large-and small-fibre dysfunction, was assessed using a Neurotip (Owen Mumford, Woodstock, UK) to record awareness of pin-prick sensation, a 128 Hz tuning fork to assess awareness of vibration, warm and cool rods to assess temperature sensation on the dorsal surface of the foot, and a tendon hammer to record the presence and strength of the Achilles reflex. The sensory modalities were scored as present=0 or reduced/absent=1 for each side. Reflexes were scored as normal=0, present with reinforcement=1, or absent=2 for each side. The maximum score is 10, with a score of 0 representing a totally normal peripheral nervous system examination [25] . The VPT, a quantitative measure of large-fibre dysfunction, was assessed at the big (great) toe of both feet as an average of three measurements of the initial perception of vibration, using a neurothesiometer [3] (Horwell, Nottingham, UK).
Foot ulceration A history of foot ulceration was obtained by asking each participant: 'Have you ever had a foot ulcer (an open sore on your foot)?' The presence of foot ulcers was determined by a medical examination at the time of the baseline interview and patients with an active ulcer at this examination were also coded as having a positive history of ulceration. A foot ulcer was defined as a full-thickness skin break below the malleolus (foot-ankle junction). At the follow-up evaluations, patients were asked whether they had developed a new foot ulcer since the previous study visit. They were also asked to provide information to determine the month and year of foot ulceration. A minimum duration for the foot ulcer was not specified due to the likelihood that patients would be inaccurate reporters for ulcer duration over the follow-up. A foot examination was performed to determine the presence of any ulcer at each follow-up visit. All patients who reported the onset of a foot ulcer with a date following the baseline evaluation or who had a foot ulcer discovered by physical examination were coded as having developed a foot ulcer during the follow-up. The number of months between the baseline visit and the reported onset date was calculated to determine time to event. In cases where patients reported that more than one ulcer had developed over the follow-up interval, we coded the earliest ulcer for the analyses presented below.
Foot self-care Two items were used to assess patients' practise of foot self-care and were based on the subscale from the Summary of Diabetes Self-Care Activities (SDSCA) [28] . The two-item foot-care SDSCA subscale was negatively related to depression symptoms in a primary sample of type 2 diabetes patients [15] . The items asked patients how often over the past week they: (1) examined their feet; and (2) checked the inside of their shoes. While the SDSCA uses a response scale consisting of the number of days over the past week the behaviour was performed, our response scale was scored as follows: 1, never; 2, once; 3, twice; 4, every other day; 5, once a day; and 6, twice daily.
Control variables While indicators of neuropathy severity were our primary controls for biological risk associated with ulcers, we also considered a number of additional variables that have been reported to predict ulceration in patients with diabetes: age [29] ; sex [30, 31] ; duration of diabetes [30, 31] ; nephropathy [4, 30] ; retinopathy/poor vision [23, 24, 30] ; and macrovascular complications [29] . Each of these variables was assessed by self-report at the baseline evaluation. The following questions were used to evaluate the presence of nephropathy, retinopathy, and cardiovascular complications of diabetes: 'Have you been told of any kidney damage from the diabetes?' 'Do you have any diabetes damage in the back of your eyes (retina) that you have been told about or have you had laser therapy?' 'Have you had a stroke or a transient ischaemic attack (mini-stroke)' and 'Do you have angina (heart pain), or have you had a heart attack or heart bypass surgery?'
Statistical methods
All data were analysed using SPSS 11.0. Descriptive statistics were calculated for all variables and the data distributions were examined for normality. Missing data were imputed with the mean score for each respective variable to reduce the impact of list-wise deletion on the total sample size for the analysis. Out of our sample of 333 participants for whom follow-up data were available, the maximum number of imputed values for any variable was six (diabetes duration). No other variable had more than two missing values.
The analysis examined the relationship between baseline symptoms of depression and time-to-onset of foot ulceration over the follow-up using Cox regression survival analyses. Time-to-onset was calculated as the number of months from baseline until the development of the first foot ulcer. Participants who did not develop a foot ulcer were censored at the point of their last evaluation in the study. To facilitate interpretation of the results, for the regression analyses we converted depression symptoms and foot care behaviour to z scores where the mean is zero and each one unit corresponds to a standard deviation in the original scoring of the scales (see Table 1 for SDs). In preliminary analyses, we examined each of the potential control variables separately in bivariate Cox regression models to identify variables significantly related to ulceration for inclusion in the multivariate model. We also examined depression, foot ulcer history, NDS and VPT in bivariate models. For our multivariate analysis, we examined a model that included depression z score as the primary predictor of interest and added covariates that were significant in bivariate analyses (age and retinopathy), indicators of neuropathy severity (NDS, VPT) and history of foot ulceration. Addition of covariates was performed with a single stepwise entry command using p<0.05 as the criterion for entry. Next, we added the interaction term between depression score and history of foot ulceration to examine evidence for moderation of the depression effect by foot ulcer history. Finally, we repeated the model, stratifying the analysis by foot ulcer history. Where significant effects for depression were found, we tested an additional model including foot self-care behaviour as a potential mediator and followed standard procedures for the evaluation of mediation [32] .
Results
Demographic and clinical characteristics of our study population are presented in Table 1 . With respect to biological risk factors for foot ulceration, 28.5% either reported a prior foot ulcer or had an active foot ulcer at baseline. Further, as per our inclusion criteria, patients had moderate to severe neuropathy ([mean ± SD] VPT=40.3± 9.8, NDS=7.2±2.3). Cardiovascular complications of diabetes and retinopathy were reported by 66.7% and 45% of the overall sample, respectively. Patients who reported a prior foot ulcer at baseline were significantly more likely to be younger, to have retinopathy, to have more severe DPN and to be engaging in more frequent foot self-care.
As can be seen in Table 2 , patients with a history of foot ulcers experienced a much higher rate of foot ulceration over the follow-up compared with those without a prior foot ulcer (4.33:1), with an 81% greater chance of developing a foot ulcer sooner than those without a prior Results are presented as percentages and mean ± SD χ 2 tests were used to evaluate categorical variables and independent sample t tests were used to evaluate continuous variables Significant differences between the no prior ulcer and prior ulcer groups are denoted by asterisks in the first column: *p<0.05; **p<0.01; ***p<0.001 foot ulcer. Of the total 63 foot ulcers, 37 (59%) occurred in this group with an average time-to-onset from baseline of approximately 9 months (9.1±6.7) vs more than 12 months average time-to-onset in the first ever foot ulcer group (12.7±6.5). In the overall sample, patients of younger age and who reported retinopathy also had significantly higher hazard rates. In addition, VPT and NDS were significantly associated with increased risk of ulceration. Neither depression nor foot self-care behaviour was significantly associated with ulcer risk in the overall sample in the bivariate analysis. Table 2 also reports bivariate relationships stratified by ulcer history for comparison with the multivariate results presented in Table 3 .
As seen in Table 3 , for the overall sample in multivariate analysis, higher depression, younger age, higher NDS scores and prior foot ulceration were independently and significantly associated with a higher risk of foot ulceration. Moreover, there was a significant interaction between foot ulcer history and depression in predicting time to foot ulcer incidence in the overall sample. Stratified analyses controlling for the significant positive associations of retinopathy and VPT with foot ulceration rate showed that each one standard deviation increase in depression score was associated with a 48% increase in the rate of foot ulceration in those with no prior foot ulcer (HR 1.48, 95% CI 1.08-2.03). We next examined evidence for foot self-care as a potential mediator of this relationship between depression and foot ulceration risk in the group with no prior foot ulcers. We found that depression was significantly correlated (r=0.21, p=0.001) with more frequent foot selfexamination and this significant relationship persisted in a multivariate linear regression (ß=0.19, p=0.004) controlling for the biological risk covariates. VPT (ß=0.17, p= 0.009) and retinopathy (ß=0.12, p=0.065) were similarly positively associated with foot self-care in this model. However, when foot self-care behaviour was added as a predictor of foot ulceration rate in the final Cox regression model for the group with no prior foot ulcer (see Table 3 ), the relationship between depression and foot ulceration rate was not attenuated; it was enhanced. The relationship between foot self-care and foot ulcer risk was significant in this model, with each standard unit increase in foot self- care associated with a significant decrease in the risk of foot ulceration, once other predictors were taken into account. In the prior foot ulcer group, there was no significant relationship between depression and rate of foot ulceration; no other predictors were significantly associated with foot ulceration (Table 3) . Foot self-care behaviour was not associated with depression in the prior foot ulcer group (r= 0.05, p=0.731). Antidepressant use was reported by 55 participants over the follow-up but was not related to foot ulcer risk; controlling for antidepressant use did not appreciably alter the results of the multivariate models reported above (data not shown). Further analyses controlling for total number of self-reported comorbid medical illnesses, which was also unrelated to foot ulcer risk, did not change the results of the multivariate models (data not shown).
Discussion
This prospective study of a well-defined sample of patients at high risk for foot ulceration provides evidence that severity of depression symptoms is an independent risk factor for the development of first foot ulcers. Our analyses compellingly demonstrate the interplay between biological, psychological and behavioural foot ulcer risks. Depression was significantly associated with an increased rate of developing foot ulcers among those patients with no prior foot ulceration but not among those who had previously had a foot ulcer. This relationship between depression and foot ulcer rates was independent of biological risk factors. The relationship was also substantial; each standard deviation increase in depressive symptom severity was associated with a 68% increase in risk of first foot ulcers. One standard deviation above the mean in our sample, for example, corresponded to a value that is just above the cutoff for identifying clinical depression [27] . Importantly, this relationship was based on continuously measured depression severity and the increased risk for first foot ulcers associated with each standard deviation increase applies to the full range of observed HADS depression scores (0-19).
We did not find evidence for the hypothesised mediation by foot self-care of the relationship between depression and the development of initial foot ulcers. While depression, foot self-care and incident foot ulceration were significantly associated with each other, higher depression scores were associated with greater frequency of foot self-care which, in turn, was associated with lower foot ulceration risk in multivariate analysis. Adding behaviour to the multivariate model increased rather than reduced the strength of the unique association between depression and foot ulcer risk. While at first glance these results may appear paradoxical, we believe they suggest that the association between depression and foot ulceration may involve at least two countervailing components. First, patients engaging in more frequent foot self-care may have been more aware of their heightened health risk and, thus, more likely to experience symptoms of depression. While in this way depression was associated with lower risk of foot ulceration through its relationship with more frequent foot self-care, depression was also associated with higher risk of ulceration through pathways that were not identified by our analyses. When foot self-care was controlled for, the component of depression that was associated with lower foot ulcer risk (through its association with foot self-care) was removed from the estimate of the depression effect, thus increasing the strength of the positive effect between depression and foot ulcer risk.
Whether depression represents an indicator of biological risk that was not captured by the risk factors measured by the current study or whether it truly is a causal agent in the development of first diabetic foot ulcers, acting via mechanisms other than foot self-care, is an important question that deserves further investigation. It is also possible that our measure of foot self-care does not capture the full impact of foot self-care on the risk for ulceration, so that a more comprehensive measure might mediate the relationship between depression and foot ulceration. The fact that depression, like foot self-care, was associated with foot ulcer risk only in those without a history of foot ulcers suggests that the effects of these psychological and behavioural factors may not be robust enough to come into play in the context of very high levels of risk (i.e. in patients with prior history of foot ulceration). Although there is a strong evidence base to suggest that depression is associated with poorer self-care and non-adherence to diabetes treatment [14] , depression is also associated with alterations in immune system responses to infection and injury [33] , and neuroendocrine changes-specifically activation of the hypothalamic-pituitary-adrenal axis and sympathetic nervous system [34] . While preliminary findings suggest that such pathways may be important in explaining the link between depression and impaired foot ulcer healing [35] , the role of these pathways in explaining risk of new foot ulcer development is less clear and deserves further investigation.
The results of the current study are consistent with emerging findings suggesting that depression is associated with negative outcomes in patients at risk for foot ulcers. Depression has been prospectively associated with a threefold increased risk of mortality over 18 months in patients presenting with their first foot ulcer, even after controlling for glycemic control, foot ulcer severity, smoking, socioeconomic status and other covariates [36] . Depression has also been associated with worse healing of foot ulcers over time and cross-sectionally associated with more severe and larger foot ulcers [36] . More broadly, depression is also associated with increased mortality in diabetes patients in general [37, 38] . Recent research in primary care patients with type 2 diabetes also suggests that depression is associated with increased risk of microvascular and macrovascular complications over time, even after controlling for diabetes severity and self-care activities [39] . The mechanisms that might explain these relationships have yet to be identified. The elucidation of the mechanisms for these relationships has important implications for prevention and treatment. Our finding that depression predicts the onset of only first diabetic foot ulcers in at-risk patients suggests that preventive efforts may need to be focused on highrisk individuals who have not yet experienced diabetes complications.
Our findings should be considered within the context of our design. For example, we excluded patients with peripheral vascular disease, advanced renal disease and blindness. Although not the focus of the current analyses, our ability to identify relationships between these complications and risk for foot ulcer may have been limited by these restrictions and by our use of self-reporting to measure some of these variables. Also, our measurement of foot ulcers relied on patients' ability to remember whether they had had a foot ulcer since their last study visit. This could have biased our results, although we expect that the potential for under-reporting was greater than that for over-reporting. Furthermore, all patients received in-person education about the definition of a foot ulcer as part of their participation in the study and selfreports were supplemented by physical examinations at each study visit. Finally, while we selected covariates based on empirical support in the literature, we used stepwise entry to reduce the total number of covariates in our model and to preserve a reasonable ratio of events to predictors in our equations. Larger studies with a higher number of foot ulcer events are needed to more fully investigate the full set of contributors to foot ulcer risk.
The strength of the current study is enhanced by a number of factors including: our ability to prospectively assess the relationship between depression and incidence of foot ulcers; our inclusion of controls for biological risk factors for foot ulceration; clinical assessments of DPN; and our examination of the role of behaviours thought to be associated with foot ulceration risk. Our moderation analyses support further investigation into the moderating influence of biological risk in the relationship between depression and diabetes complications. Our results demonstrate that depression and self-care have important relationships to foot ulcer risk that are independent of biological risk factors in those who have not yet had a foot ulcer. This suggests that preventive efforts that address these factors may have greater efficacy in patients who have not yet reached the highest level of risk. Addressing depression and foot self-care only in patients already presenting with foot ulcers may be 'too little, too late.'
